We present the first rest-frame UV population study of 17 heavily reddened, highluminosity (E(B-V) QSO 0.5; L bol > 10 46 ergs −1 ) broad-line quasars at 1.5 < z < 2.7. We combine the first year of deep, optical, ground-based observations from the Dark Energy Survey (DES) with the near infrared VISTA Hemisphere Survey (VHS) and UKIDSS Large Area Survey (ULAS) data, from which the reddened quasars were initially identified. We demonstrate that the significant dust reddening towards the quasar in our sample allows host galaxy emission to be detected at the restframe UV wavelengths probed by the DES photometry. By exploiting this reddening effect, we disentangle the quasar emission from that of the host galaxy via spectral energy distribution (SED) fitting. We find evidence for a relatively unobscured, starforming host galaxy in at least ten quasars, with a further three quasars exhibiting emission consistent with either star formation or scattered light. From the rest-frame UV emission, we derive instantaneous, dust-corrected star formation rates (SFRs) in the range 25 < SFR UV < 365 M yr −1 , with an average SFR UV = 130 ± 95 M yr −1 . We find a broad correlation between SFR UV and the bolometric quasar luminosity. Overall, our results show evidence for coeval star formation and black hole accretion occurring in luminous, reddened quasars at the peak epoch of galaxy formation.
INTRODUCTION
Active galactic nuclei (AGN) are thought to govern many fundamental processes within galaxies, from the quenching of their star formation to their morphological evolution. In E-mail: cfw36@ast.cam.ac.uk nearby galaxies, tight correlations have been observed between the central black hole mass (MBH) and several properties of the galactic bulge e.g. bulge mass, M bulge (Magorrian et al. 1998) , bulge luminosity, L bulge (Faber & Jackson 1976) , the stellar velocity dispersion, σ, and the stellar mass, M * (Kormendy & Ho 2013) . Furthermore, black hole (BH) accretion and star formation both appear to peak at z ∼2 (e.g. Aird et al. 2015; Madau & Dickinson 2014) , indicat-ing a likely link between star formation and AGN activity in galaxies. Some galaxy formation scenarios postulate that the same gas supply can fuel both star formation and accretion onto the BH in massive galaxies (e.g. Hopkins et al. 2008; Narayanan et al. 2010) . Sanders et al. (1988) , for example, suggest that the most luminous systems evolve from merger-driven starbursts to UV-luminous quasars, appearing heavily obscured during the transition phase, when remnant dust from the decaying starburst is being cleared out of the galaxy. Studying the connection between dust obscuration, BH accretion and star formation in the most luminous quasars is therefore an important test of such galaxy evolution models.
Actively accreting super-massive black holes (SMBHs), or quasars, typically outshine their host galaxies by several orders of magnitude, particularly at rest-frame ultraviolet (UV) wavelengths, where the quasar continuum peaks. For this reason, quasar host galaxy studies in the rest-frame UV and optical require highly spatially-resolved images to separate light from the host galaxy from that of the quasar. This limitation means such studies have largely been confined to low redshifts (z < 1), where good spatial resolution is much easier to achieve (e.g. Dunlop et al. 2003; Matsuoka et al. 2015) . At these low redshifts, host galaxy emission has been separated from that of the AGN via both image (e.g. Jahnke et al. 2004; Sánchez et al. 2014 ) and spectral decomposition (e.g. Vanden Berk et al. 2006; Matsuoka et al. 2015) , with these studies finding a strong correlation between MBH and M bulge . However there appears to be no correlation between the quasar accretion rate and star formation rate (SFR) of the host at these low redshifts (e.g. Urrutia et al. 2012) .
At higher redshifts (z∼2) -the epoch at which BH activity peaks -a handful of studies have used highresolution spaced-based imaging from the Hubble Space Telescope (HST) to spatially isolate the host galaxy emission, although these studies have largely targeted moderateluminosity quasars (L bol,QSO ∼10 43−44 ergs −1 ), where emission from the galaxy makes up a significant fraction of the flux in the rest-frame UV/ optical (e.g. Jahnke et al. 2004 ). In these moderate-luminosity quasars, Jahnke et al. (2004) find no dependence of the SFR on the quasar luminosity, deriving SFRs ∼6 M yr −1 (prior to dust correction) across their entire quasar sample. To analyse the hosts of more luminous quasars, studies have primarily relied on observations at longer wavelengths in the far infra-red (FIR) to millimetre regime, where the host galaxy emission peaks (e.g. Priddey et al. 2003; Harris et al. 2016 ). Unlike their low-redshift and lower-luminosity counterparts, the SFRs of high-luminosity quasars at z 2 have been shown to correlate with L bol,QSO , with several studies finding more luminous quasars to reside in more actively star-forming hosts (e.g. Coppin et al. 2008; Hatziminaoglou et al. 2010; Rosario et al. 2013; Delvecchio et al. 2015; Xu et al. 2015; Harris et al. 2016) .
Several studies have also attempted to probe these luminous, high-redshift quasar hosts in the rest-frame optical to near infra-red (NIR), making use of emission at rest-frame wavelengths of ∼1µm, where the fraction of galaxy-to-quasar emission is larger than in the rest-frame UV (e.g. Ridgway et al. 2001; Kukula et al. 2001) . Even in this wavelength regime, however, these studies have typically required highresolution space-based imaging from HST in order to accurately subtract the quasar point spread function (PSF) from the galaxy emission -a problem which remains challenging (e.g. Mechtley et al. 2016 ). The majority of these studies find an enhanced merger fraction in populations of high-luminosity quasars, although this conclusion remains disputed (e.g. Villforth et al. 2016 ).
An alternative approach to observing quasar hosts at optical/ NIR wavelengths is to exploit dust obscuration towards the quasar line-of-sight, which can heavily redden the quasar continuum and enhance the fractional flux contribution of the galaxy at these wavelengths (e.g. Urrutia et al. 2008 Urrutia et al. , 2012 Glikman et al. 2015; Fan et al. 2016) . This approach has also been used to study quasar hosts in the rest-frame UV, but the rare nature of these heavilyreddened quasars has limited high-redshift studies to individual objects (e.g. Cai et al. 2014) . These high-redshift, dust-obscured quasars may provide key insights into the connection between quasars and their hosts, with Sanders et al. (1988) suggesting that a connection between L bol,QSO and SFR may be more prominent among these dusty systems than among un-obscured quasars.
This paper presents the first rest-frame UV population study of luminous (L bol,QSO >10 46 ergs −1 ) heavily dustreddened quasars at 1.5 < z < 2.7, selected from the work of Banerji et al. (2012 Banerji et al. ( , 2015 . The heavy dust reddening in our sample (E(B − V ) 0.5 -2.0) means the quasar light is obscured in the rest-frame UV, potentially exposing emission from the host galaxy at these wavelengths. However, at 1.5 < z < 2.7 even the most UV-bright star-forming galaxies with SFR > 100 M yr −1 require deep imaging to be detected, in part due to the effects of surface brightness dimming (e.g. Reddy et al. 2008 Reddy et al. , 2012 . With the current generation of optical imaging surveys, such as Hyper SuprimeCam, VST-KiDS and the Dark Energy Survey (DES), deep, ground-based imaging of these systems is now possible over wide fields (>1000 deg 2 ) for the first time. In this work, we make use of data from the first year of DES observations (Drlica-Wagner et al. 2017) .
The paper is structured as follows. Section 2 outlines the sample of dust-reddened quasars to be considered. Section 3 details the methods used to fit spectral energy distributions (SEDs) to the photometry, with the results of the fitting given in Section 4. Section 5 compares our results with independent studies of these quasars and our key findings are summarised in Section 6. Throughout this work, we assume a flat ΛCDM cosmology with H0 = 70 km s −1 Mpc −1 , ΩM = 0.3 and ΩΛ = 0.7. All quoted magnitudes are based on the AB system, which is the native magnitude system for DES. In the case of the UKIDSS and VISTA, the following Vega to AB conversions have been applied: JUKIDSS,AB = JUKIDSS,Vega+0.938; HUKIDSS,AB = HUKIDSS,Vega+1.379; KUKIDSS,AB = KUKIDSS,Vega+1.900; JVISTA,AB = JVISTA,Vega+0.937; HVISTA,AB = HVISTA,Vega+1.384; KSVISTA,AB = KSVISTA,Vega+1.839.
DATA
The reddened quasars at redshifts 1.5 < z < 2.7 outlined in Banerji et al. (2012 Banerji et al. ( , 2015 form the basis of our investigation.
The sample selection criteria and the new imaging data are described below.
NIR Selection of Luminous Reddened Quasars
Red quasar candidates were identified using NIR imaging from wide-field surveys such as the UKIDSS Large Area Survey (ULAS) and VISTA Hemisphere Survey (VHS), as detailed in Banerji et al. (2012 Banerji et al. ( , 2015 . Objects that appeared as point-sources in the K-band, with K AB < 18.4
1 , formed the flux-limited base sample. Targets were further required to possess extremely red NIR colours, (J -K )AB > 1.5 (corresponding to an E(B-V) 0.5 at z ∼ 2). A point-source restriction was also applied to ensure that the K-band light is dominated by an unresolved object, therefore excluding galaxies and isolating high-redshift, NIR-luminous quasars. Of the 66 targets selected in this manner, 61 were successfully followed up with either SINFONI VLT or Gemini-GNIRS observations (Banerji et al. 2012 (Banerji et al. , 2013 (Banerji et al. , 2015 . 38 of these were spectroscopically-confirmed to be Type-1 broadline (BL) quasars at 1.5 < z < 2.7 and form the parent spectroscopic sample of heavily reddened quasars for this paper. With extinction-corrected bolometric luminosities of L bol,QSO ∼10 47 ergs −1 and MBH ∼10 9−10 M (Banerji et al. 2015) , these quasars are among the most luminous and massive accreting SMBHs known at this epoch.
Detecting even the most luminous, star-forming quasar host galaxies at z ∼ 2 requires deep optical imaging data. The most UV-luminous, star-forming galaxies at z ∼2 currently known have typical r-band magnitudes fainter than ∼22 (AB) (e.g. Reddy et al. 2008) . These magnitudes lie below the flux limit of wide-field optical imaging surveys such as the Sloan Digital Sky Survey (SDSS), which, until recently was the deepest optical imaging survey available over the > 1000 deg 2 area overlapping the VHS and ULAS survey footprints.
Reddened Quasars in the Dark Energy Survey (DES)
We make use of new deep optical photometry for the reddened quasars from observations conducted as part of the Dark Energy Survey (DES). DES is a wide-field survey, imaging 5000 deg 2 of the southern celestial hemisphere in the grizY -bands (Frieman et al. 2013; Flaugher et al. 2015; Abbott et al. 2016 ). The 5-year survey began in 2013 and uses the 570 Megapixel DECam on the 4m Blanco telescope at the Cerro Tololo Inter-American Observatory (CTIO). DES is among the deepest wide-field surveys currently in operation and will eventually reach depths of i 24.0 (10σ; AB) for extended sources.
Here, we primarily make use of observations conducted during the first year of DES operations (2013 Aug -2014 corresponding to the Year 1 Annual 1 (Y1A1) internal data release (Diehl et al. 2014) . Sixteen of the 38 reddened quasars in our spectroscopic sample overlap with the DES Y1A1 footprint, which covers ∼1800 deg 2 . The 10σ limiting magnitudes reached by the Y1A1 data in a 2 arcsec aperture are summarised in Table 1 for each of the DES bands. For a single quasar, ULASJ1002+0137, in the COS-MOS field, we also make use of DECam observations conducted as part of the Science Verification. This data goes considerably deeper than the Y1A1 data, reaching an iband magnitude limit of 25.1 in a 2 arcsec aperture (10σ; AB). We note however, that the optical magnitudes of ULASJ1002+0137 are such that it would also be detected with the Y1A1 depths, had this region been part of the Y1A1 footprint. The sample considered in this work therefore consists of 17 spectroscopically-confirmed reddened quasars at 1.5 < z < 2.7, shown to be representative of the parent sample of 38 reddened quasars in terms of redshift, luminosity and BH mass. The DECam grizY band observations for the sample are summarised in Table 2 , with the corresponding gri-band colour composite images given in Fig. 1 .
At redshifts 1.5 < z < 2.7, the DES filters trace emission at rest-frame UV wavelengths (λrest ∼1300 -3800Å). We use the DES mag auto SExtractor magnitudes for our sources, which have been shown to perform best in SEDfitting of galaxies with the DES data (e.g. Sánchez et al. 2014) . The mag auto magnitudes are preferred to the DES model magnitudes as the model magnitudes assume an exponential disk model, which may not be appropriate for our high-redshift galaxies. We note however, that differences between the model and mag auto magnitudes are typically small and our choice of magnitudes therefore does not affect the main conclusions of this study. The mag auto magnitudes do however underestimate the fluxes of point sources, as no aperture correction is applied. Indeed, Reed et al. (2017) find that for point sources in DES Y1A1, the mag auto values are systematically fainter by ∼0.1 mag compared to the mag psf values. Although our quasars are mostly extended in the DES griz-bands, they are often unresolved in the DES Y -band, where the mag auto values are ∼0.1 mags fainter than the mag psf values. Once again, we find these magnitude variations to have a negligible effect on the results of this study. The DES mag auto magnitudes for all 17 sources are presented in Table 3 . All photometry has been corrected for any spatial non-uniformity in the global calibration and for the effects of Galactic extinction using the stellar locus regression technique described in Drlica-Wagner et al. (2017) . Sixteen of the 17 quasars in our sample are detected at ≥ 10σ in at least one of the gri DES bands.
The DES mag auto values presented in Table 3 appear to over-estimate the g-band flux compared to those found via the SED fitting in Banerji et al. (2012 Banerji et al. ( , 2015 (gQSO,SED). Table 2 . Summary of the reddened quasar sample considered in this work. M BH and z are derived from the VLT spectral follow-up observations presented in Banerji et al. (2012 Banerji et al. ( , 2015 Table 3 . DES mag auto magnitudes for the reddened quasar sample. All magnitudes are on the AB system and have been corrected for the Stellar Locus Regression (SLR) offsets in the g,r,i and z -bands. g QSO,SED denotes the predicted g-band magnitude, based on the SED fits to the NIR photometry alone (Banerji et al. 2012 (Banerji et al. , 2015 . Assuming the reddening towards the quasar sight line calculated from modelling the NIR photometry (Banerji et al. 2012 (Banerji et al. , 2015 , we derive g-band magnitudes >1.0 mag fainter than the DES mag auto magnitudes in 15 of the 17 quasars. This suggests that the DECam images are detecting some source of excess emission in the rest-frame UV that cannot be accounted for by a reddened quasar template.
To quantify whether the excess emission in the g-band photometry (Table 3 ) extends beyond the local PSF, we use the modest star-galaxy classifier (Drlica-Wagner et al. 2017) , based on the spread model quantity from SExtractor. spread model is defined to be a normalised linear discriminant between the best-fit local PSF-model and a more extended, exponential disk model convolved with the PSF (Desai et al. 2012) . The modest classifier takes account both of the value of spread model and its associated error in each band. modest has been optimised for the selection of a high-purity galaxy sample in DES by comparing to classifications from both deep space-based (HST ) and high-quality ground-based (CFHTLens) surveys. The contamination rate from stars is estimated to be < 5 per cent for i < 22.5 (Drlica-Wagner et al. 2017) . modest classifications for the full sample are given in Table 4 , where a modest classification of 0 denotes an unphysical PSF fit (likely star) while 1 indicates a high-confidence galaxy, 2 indicates a high-confidence star and 3 denotes an ambiguous classification. A detailed morphological analysis is beyond the scope of this paper. Instead, we simply seek to discriminate between point-like sources and extended images, which could indicate the detection of the host galaxy.
Ten of the 17 reddened quasars in our sample are morphologically classified as high-confidence galaxies in the DES g-band, with a further two having an ambiguous classification and therefore also consistent with being spatially extended. This number of high-confidence galaxies increases to 12 in the r-band, representing 70% of our sample. Even in the redder DES bands, 9 (7) of the quasars are classified as being extended beyond the local PSF in the i-(z-)bands. Quasar emission is spatially unresolved, yet the modest classifications in Table 4 indicate a significant fraction of our quasar sample to be spatially resolved in the DES groundbased imaging. Moreover, this fraction of extended sources increases at bluer wavelengths. Investigating the reason for the spatial extension and the excess rest-frame UV emission seen from these quasars in the DES data forms the central aim of the paper.
SPECTRAL ENERGY DISTRIBUTION (SED) FITTING
To characterise the nature of the rest-frame UV emission seen in the DECam images, we fit SED models to the DES grizY and the ULAS/VHS NIR JHK photometry for each source. We thus determine a model SED spanning restframe UV through optical wavelengths (approximately 1400-7000Å) for each of the reddened quasars in our sample. In cases where the photometric errors are < 10 per cent of the observed flux, an error floor of 10 per cent is applied prior to the SED-fitting to mitigate against the effect of any systematic uncertainties in the photometry and quasar variability (Section 4.3.2). This floor has been selected to represent the scatter in unreddened quasar SEDs over the rest-frame wavelength interval 1200−10 000Å . Although the parametric quasar model used in this work (Section 3.1) is found empirically to reproduce the broad-band colours (ugrizY JHK) of unreddened quasars 2 (Schneider et al. 2010) , not all quasar SEDs look exactly the same, rather there appears to be a scatter ∼ 10 per cent. The effectiveness of the parametric model at reproducing the broad-band quasar colours is not expected to improve among reddened populations and so we apply this scatter as a floor on the photometric errors to avoid large contributions to the χ 2 values (Section 3.3).
Quasar Model
We make use of a refined version of the quasar model described in Maddox et al. (2008) , which has been used in a number of studies including Hewett et al. (2006) and Maddox et al. (2012) . The continuum in the rest-frame UV is represented by two power-laws, f (ν) ∝ ν α , where α = 0.424 at λ ≤ 2340Å and α = −0.167 at λ > 2340Å. To account for the reddening of the quasar, we apply an extinction curve, which has been determined empirically using quasars in the seventh data release of the Sloan Digital Sky Survey (SDSS DR7) and is very similar in form to that presented by Gallerani et al. (2010) . Whilst there is no 2200Å feature in the extinction curve, the amount of extinction at wavelengths < 2500Å is somewhat less than that derived from 2 The quasar model reproduces broad-band quasar colours to σ 0.1 mag, based on quasars at 0.2 < z < 4.0 with m i < 19.1 from the SDSS DR7 quasar catalogue the Small Magellanic Cloud (SMC) (Pei 1992) . We note, however, that due to the significant reddening of the quasars in our sample (E(B −V ) > 0.5), the extinction of the quasar light in the rest-frame UV is so great that the exact form of the extinction curve is not important. The results presented in this paper would be essentially identical if an SMC-like extinction curve were used.
The above quasar model also incorporates UV and optical emission lines and FeII multiplets based on the Large Bright Quasar Survey (LBQS) composite of Francis et al. (1991) . In general the strengths of the emission lines do not significantly affect the quasar broad-band colours except in the case of H-α, which has a higher equivalent width relative to the other lines. We therefore adjust the H-α equivalent width in the quasar model for each reddened quasar to match that measured from the NIR spectra in Banerji et al. (2012 Banerji et al. ( , 2015 . Hence, all reddening estimates for the quasars presented in this paper account for the effect of the Hα emission line on the observed colours.
Host Galaxy Model
A key aim of this study is to investigate whether the emission observed in the rest-frame UV is consistent with that of a star-forming host. Given the limited photometry tracing the rest-frame UV emission, we are unable to solve for all properties of the galaxy in the fitting. Instead, we consider a single star-forming galaxy SED template from Bruzual & Charlot (2003) with a constant star formation history (SFH) to model the host galaxy emission. The galaxy model is attenuated using a two-component Charlot & Fall (2000) dust model, with τV = 1.0 (corresponding to an E(B − V ) gal 0.35) affecting the young stellar populations, which is consistent with the level of dust extinction seen in local starforming galaxies. In cases where we see a significant deviation of the rest-frame UV-slope as traced by our g and r-band photometry, from that in the default host galaxy model, we also consider galaxy models with τV = 0.2 and τV = 5.0, representing bluer and redder rest-frame UV colours respectively (Bruzual & Charlot 2003) . We note however, that the rest-frame UV slope in the host galaxy model is sensitive to both the dust content (τV) and the SFH. Due to the limited photometry tracing the rest-frame UV and the degenerate nature of these two parameters, we cannot derive meaningful estimates for both τV and the SFH, so we are limited to these discrete scenarios. In all cases, we assume a Chabrier (2003) initial mass function (IMF) and solar metallicity.
Fitting Method
We fit the combined optical+NIR photometry of the individual quasars using combinations of the models described above, in order to investigate the source of the excess restframe UV emission. In particular, we consider three scenarios: (i) the rest-frame UV flux arises from resonantly scattered Lyman-α emission, (ii) the excess emission is scattered continuum light from the central quasar, and (iii) we are seeing UV emission due to star formation in the quasar host galaxy. Although in reality, the rest-frame UV emission is likely due to some combination of the above, the limited DES photometry means we are unable to simultaneously solve for a mix of multiple scenarios. Instead, we seek only to determine the dominant source in each case. To quantify the likelihood of each scenario, we make use of χ 2 statistics, calculating the reduced χ 2 for each quasar in the sample, i.e.
where a χ 2 red ∼ 1 indicates a good fit. F phot and F mod denote the photometric and model fluxes respectively. N is the number of degrees of freedom (with N = N data −Nparam) and σ denotes the photometric errors, floored at 10 per cent. In order to obtain full posterior distributions for all free parameters and marginalise over nuisance parameters, we employ a Markov Chain Monte-Carlo (MCMC) method (Metropolis et al. 1953; Hastings 1970; Foreman-Mackey et al. 2013) to explore the parameter space. Throughout the fitting we assume flat priors across the entire parameter space.
RESULTS
This section presents the results of fitting different combinations of the above models to the combined optical+NIR photometry. We initially consider only a reddened quasar template, but later consider three possible sources of the rest-frame UV emission -(i) resonantly-scattered Lyman-α, (ii) scattered quasar continuum and (iii) a relatively unobscured star-forming host galaxy.
Quasar Only SED-Fits
We begin by modelling the photometry with a reddened quasar template, setting the only free parameter -the quasar dust reddening (E(B − V )QSO) -to lie in the range 0.3 ≤ E(B − V )QSO ≤ 5.0. Four quasars are found to be well-fit by this model -VHSJ2024-5623, VHSJ2100-5820, (Banerji et al. 2012 (Banerji et al. , 2015 ) (E(B−V ) QSO,B ) are given for reference. VHSJ2257-4700 and ULASJ0016-0038, returning a χ 2 red,QSO < 2.5 and residuals (F mod − F phot ) < 2σ across all bands. The fitted templates for each of these four quasars, along with their associated residuals, are presented in Fig. 2 .
The derived values of E(B − V )QSO for each of the four quasars in Fig. 2 are presented in Table 5 , with all four quasars returning an E(B − V )QSO consistent to within 0.1 of those presented in Banerji et al. (2012 Banerji et al. ( , 2015 (hereafter denoted E(B−V )QSO,B). Although values of E(B−V )QSO,B were derived using only the NIR JHK-band photometry, our fitting provides little evidence for additional restframe UV emission in the DES Y1A1 photometry of these quasars. Despite the modest classifier characterising two of these sources (VHSJ2024-5623 and VHSJ2100-5820) as high-confidence galaxies in the DES g and r-bands, we find that a reddened quasar SED is sufficient to fit the photometric data in both cases. Any extended emission in these galaxies is therefore faint and difficult to disentangle from the quasar emission via SED modelling. As such, we find these four quasars to be well characterised by a reddened-quasar template alone and therefore exclude them from the remainder of our analysis. Conversely, the remaining 13 quasars in the sample return χ 2 red,QSO > 5 when fitted in the above manner, indicating that some additional component is required in the model to account for the observed rest-frame UV flux.
Scattered Light

Scattered Lyman-alpha Emission
One possible explanation for the rest-frame UV flux in the 13 remaining quasars is Lyman-α emission, which can appear spatially extended due to resonant scattering by the surrounding material. We immediately rule out this possibility for seven of the quasars in our sample, as the Lyman-α emission falls outside the wavelength range of the DES g-band 3 . We model the remaining six quasars -ULASJ2200+0056, VHSJ2227-5203, VHSJ2306-5447, ULASJ2315+0143, VHSJ2332-5240 and VHSJ2355-0011 -with a two-component model consisting of a reddened quasar template and a Lyman-α emission line. As in the quasar-only fitting (Section 4.1), E(B − V )QSO is set to lie Fitting this model returns χ 2 red,lyα > 2.5 for four of the six quasars listed above, indicating that scattered Lyman-α emission cannot accurately reproduce the rest-frame UV flux observed in these systems. Although both ULASJ2200+0056 and VHSJ2306-5447 return χ 2 red,lyα ∼2, we note that excess rest-frame UV emission relative to the reddened quasar model is detected in multiple bands in ULASJ2200+0056, further ruling out the scattered Lyman-α scenario for this quasar. From this, we conclude VHSJ2306-5447 to be the only quasar for which the rest-frame UV flux may arise solely from Lyman-α emission. The best fit SED of this scenario for VHSJ2306-5447 in shown in Fig. 3 . For the remaining 12 quasars, we require some other mechanism to characterise the observed emission in the rest-frame UV.
Scattered Quasar Continuum Light
It is also possible that some fraction of the rest-frame UV quasar continuum light is being scattered into our line of sight by the surrounding dust. The extent of this scattering is assumed to be wavelength-independent and is modelled with two quasar templates, one of which is completely unobscured to represent the scattered continuum. The dust reddening of the obscured quasar and the fraction of scattered continuum form the two free parameters in the fitting, taking values 0.3 ≤ E(B − V )QSO ≤ 5.0 and 0 ≤ fQSO ≤ 1 respectively, where an fQSO = 1 represents the complete scattering of the quasar continuum. This model generally appears to provide a good fit to the photometry, finding a scattering fraction ∼0.2 per cent across all sources and returning a χ 2 red,cont < 2.5 in 10 of the 13 quasars, with only three quasars -VHSJ2028-5740, VHSJ2227-5203 and VHSJ2256-4800 -returning χ The modest classifier show evidence for spatially extended emission in all but two (ULASJ2200+0056 and ULASJ2224-0015) of the quasars well-fit by this model (Section 2). Obied et al. (2016) show that giant 'scattering cones' of free electrons and dust can scatter the quasar continuum out to ∼ 10kpc, resulting in extended regions with narrow line emission and indeed integral field spectroscopy of luminous, obscured quasars have shown narrow-line regions extended over scales of ∼20-30 kpc (Liu et al. 2013 ). The NIR spectra of our reddened quasar sample (Banerji et al. 2012 (Banerji et al. , 2015 however, show emission from narrow line regions to be weak, thus ruling out the presence of such a scattering cone. Considering the small fraction of quasar light being scattered in our sample (∼0.2 per cent), it is also possible that extended emission arises from scattering within the interstellar medium (ISM) (e.g. Young et al. 2009 ). We note however, that in an ionised ISM with a conventional dustto-gas ratio, scattering by dust has been shown to dominate over free-electron scattering by a factor ∼10 in the UV (Weingartner & Draine 2001; Draine 2003) . Draine (2003) have shown this dust scattering to be strongly biased towards forward scattering, meaning the single scattering of the quasar continuum is unlikely to scatter into the line of sight when considering Type-1 quasars, such as those in our sample. Furthermore, if a small fraction of this emission were to be scattered into our line of sight, we would expect a much bluer quasar spectrum than the fitted unobscured quasar SED, as the scattering efficiency rapidly increases at shorter wavelengths. We find no evidence to suggest a bluer quasar template would better fit the gri DES photometry of our sample and hence conclude this scenario to be unlikely. Although we cannot rule out the scattered light scenario in explaining the UV excess in ULASJ2200+0056 or ULASJ2224-0015, where we see no evidence for extended emission, we likely require an alternative explanation for the remainder of our quasar sample.
The above SED model used to test for the scattered quasar continuum could also represent a system with two AGN (e.g. following a merger event) in which only one is significantly obscured by dust. We quickly rule out the possibility of clustered quasars, as their typical angular separations (2.9 ≤ θ ≤ 7.7 arcsec Eftekharzadeh et al. (2017) ) exceed the 1 arcsec angular resolution of DES, yet we see no evidence for a second quasar in the DES images (Fig. 1) . Thus, if our systems were to contain two quasars they would need to be at small physical separations, but have very different line-of-sight extinctions. Based on our fitting results, the second quasar would also need to have L bol,QSO ∼ 500 times (∼7 magnitudes) fainter that the primary (reddened) quasar and although there are very few constraints on the number densities of such low-luminosity AGN, the combination of properties required for this explanation to hold makes the scenario somewhat implausible.
Host Galaxy Emission
Finally, we explore the possibility of the rest-frame UV flux arising from a relatively un-obscured star-forming host galaxy modelled by the galaxy templates outlined in Section 3, assuming a constant SFH. Although the real SFH of the galaxy is likely to consist of bursts of star formation, alongside phases of quiescence and steady formation, we later demonstrate this assumption of a constant SFH to provide a good description of the rest-frame UV photometry for the vast majority of our sample.
Throughout the fitting we consider three free parameters -E(B − V )QSO, the formation redshift, z f , and the normalisation of the galaxy template, f gal -set to take values 0.3 ≤ E(B − V )QSO ≤ 5.0, 3 ≤ z f ≤ 10 and 0 ≤ f gal ≤ 1 respectively, where an f gal = 1 denotes a galaxy flux equal to that of the quasar template in the rest-frame UV (∼ 900-3000Å) prior to any quasar dust reddening. We note that the value of f gal is primarily constrained by the DES photometry tracing the rest-frame UV emission and therefore directly traces the UV flux from young stars. Although we are unable to constrain the total mass of the host galaxy, we use the mass of the fitted galaxy template 4 , assuming a constant SFH and a normalisation, f gal , to derive instantaneous SFRs based on the rest-frame UV flux. In this way, f gal can be directly converted to an instantaneous SFR (SFRUV,τ v =1.0). Figure 4 illustrates parameter solutions derived from the MCMC fitting routine for a typical quasar -VHSJ2235-5750 -where this conversion from f gal to SFRUV,τ v =1.0 has been made (solutions for all 17 quasars can be found in Fig. A1 ).
For every quasar in our sample, we recover wellconstrained solutions for both E(B − V )QSO and SFRUV,τ v =1.0, despite being unable to constrain the age of the system. This indicates that the inferred SFRUV,τ v =1.0 is independent from z f . We therefore remove z f as a free parameter in the fitting, choosing instead to adopt a fixed value of z f = 6 and solve for the two remaining parameters. The resulting SED fits are presented in the upper panels of fit, which are found to be small in all bands, typically returning (F phot − F mod ) < 2σ. For nine of the 13 quasars in Fig. 5 we derive χ 2 red,GAL+QSO < 2.5, indicating the rest-frame UV flux in these objects is well fit by a galaxy template with τV = 1.0. Even in the remaining four quasars for which we derive χ 2 red,GAL+QSO > 2.5, we recover a much better fit than with a reddened quasar template alone (Section 4.1), finding (χ 2 red,QSO -χ 2 red,GAL+QSO ) > 9 for 11 quasars and (χ 2 red,QSO -χ 2 red,GAL+QSO ) > 3 for the remaining two. This shows that the addition of a host galaxy component to the model significantly improves the goodness of fit for all 13 quasars. Table 6 presents instantaneous SFRs derived from the UV flux of the fitted galaxy SEDs in Fig. 5 , where we have assumed τV = 1.0 and z f = 6.0. SFRs are given both before (SFRUV,τ v =1.0) and after (SFRUV) dust correction has been applied to the galaxy template. We note that although the Charlot & Fall (2000) extinction curve used to correct for the dust is age-dependent, the assumptions made about z f have a minimal effect on the resulting SFRs, changing the SFR by ± 5-10 per cent for a change in z f ± 1.0. These variations lie below the 1σ parameter uncertainties derived from the MCMC fitting, also given in Table 6 , and so we do not discuss them further. For the four quasars that were well-fit by a single reddened-quasar SED (Section 4.1), we derive upper limits on their SFRs by repeating the above host galaxy fitting for these objects.
We also present the E(B − V )QSO values calculated in the fitting in Table 6 , together with those from Banerji et al. (2012 Banerji et al. ( , 2015 (E(B−V )QSO,B), who fit the JHK photometry with a reddened quasar model and an Sb galaxy template to model the quasar host. The introduction of the DES photometry in our study allows both the SED and luminosity of the host galaxy to be better constrained. With the addition of this grizy photometry, we expect to derive higher values of E(B − V )QSO than E(B − V )QSO,B for objects in which we see prominent galaxy emission, as this emission is likely to contribute to the J-band (∼ 3800Å ) and therefore reduce the relative fraction of quasar flux in this band. We show this to be true for eight of the 13 quasars in the sample, typically finding E(B − V )QSO to be ∼ 0.1 -0.3 larger than E(B − V )QSO,B. The reddest quasar in our sample -ULASJ2315+0143 -returns an E(B − V )QSO ∼ 0.7 larger than E(B − V )QSO,B, although the uncertainty on this value is much larger than for the rest of the sample. A further three quasars -VHSJ-2028-5740, VHSJ2115-5913 and ULASJ2200+0056 -return an E(B − V )QSO consistent with E(B − V )QSO,B to within 0.1, with the remaining two quasars -ULASJ1002+0137 and VHSJ2227-5203 -returning an E(B − V )QSO ∼ 0.2 -0.3 lower than E(B − V )QSO,B. We note that the J-band photometry is not available for ULASJ1002+0137 (Fig. 5(a) ), meaning E(B − V )QSO,B has been constrained from only the H and K-band photometry. From Fig. 5(a) , we find that these two bands indicate a steeper rest-frame NIR slope than is implied when the DES photometry is included in the fit, meaning a model based on just the H and K-band data would likely overestimate the quasar reddening. Similarly, the J-band photometry in VHSJ2227-5203 lies below our fitted SED model (Fig. 5(g) ), indicating that a higher reddening would be derived without the inclusion of the grizY photometry. We therefore find no direct conflict between the results of Banerji et al. (2012 Banerji et al. ( , 2015 and the results of this paper.
UV Slope of the Galaxy SED
In general, the galaxy model with a constant-SFH and τV = 1.0 provides a good fit to our reddened quasar sample. This is demonstrated in Fig. 5 , where we present the median average fitting residuals (m data -m model ) for each band. Four quasars however -VHSJ2028-5740, VHSJ2227-5203, VHSJ2256-4800 and VHSJ2355-0011 -return χ 2 red,GAL+QSO > 2.5 when this default host galaxy model is assumed. We consider VHSJ2227-5203 further in Section 4.3.2, but for the remaining three objects we find the g-band photometry to lie below the fitted SED in VHSJ2028-5740 (Fig. 5(b) ) and above the fitted SED in VHSJ2256-4800 (Fig. 5(i) ) and VHSJ2355-0011 (Fig. 5(m) ), indicating that a galaxy model with τV = 1.0 cannot reproduce the slope of the restframe UV flux in these systems. We find that significantly improved χ 2 red,GAL+QSO values (∼1-2) can be obtained by adopting a galaxy model with τV = 5.0 for VHSJ2028-5740 and τV = 0.2 for VHSJ2256-4800 and VHSJ2355-0011. We note however, that the effect of this dust extinction on the rest-frame UV slope is highly degenerate with that caused by changes in the SFH, meaning a similar improvement in χ 2 red,GAL+QSO may also be obtained by adjusting the SFH. The exact SFRs derived from the SED-fitting are therefore dependent on both the adopted SFH and dust content of the Figure 4 -continued host galaxies, the constraints of which lie beyond the scope of this work given the limited DES photometry. Nevertheless, the detection of rest-frame UV emission consistent with star formation in the sample is robust.
Quasar Variability
In addition to the assumed SFH and dust content of the host galaxy, quasar variability may also contribute to the large χ 2 red,GAL+QSO values. The observations from DES and VHS/ULAS were taken about three years apart, corresponding to approximately a year in the rest-frame of our quasars. Over such time scales, luminous quasars have been shown to vary by 0.1 mag in the rest-frame optical (e.g. Vanden Berk et al. 2004; De Vries et al. 2005; MacLeod et al. 2012) . Even accounting for the small amplitude of this variability, systematic offsets between the DES and VHS/ULAS photometry are not evident for the sample as a whole. We consider the possibility however, that individual quasars in our sample may exhibit variability with larger amplitudes and for VHSJ2227-5203 (χ 2 red,GAL+QSO > 2.5), we find the JHK-band photometry to appear several tenths of a magnitude fainter than that extrapolated from the grizY photometry. To test whether variability could explain the poor fit of VHSJ2227-5203, the fitting routine is re-run, having increased the JHK magnitudes by 0.2 mag -the magnitude offset required to align the DES and VHS photometry. However, the fit of this adjusted photometry returned χ 2 red,GAL+QSO 5, meaning that an offset between the DES and VHS photometry due to quasar variability, cannot account for the large χ 2 red,GAL+QSO in VHSJ2227-5203. We therefore conclude that photometric quasar variability does not play a significant role in our sample of reddened quasars and therefore does not affect the conclusions of this paper.
DISCUSSION
We have found evidence for an excess of rest-frame UV emission, relative to a reddened quasar SED, in 13 of the 17 Table 6 . UV-derived SFRs prior to dust correction (SFR UV,τv=1.0 ) and corrected for a τv = 1.0 (SFR UV ). E(B − V ) QSO (assuming z f = 6) and E(B − V ) QSO,B (Banerji et al. 2012 (Banerji et al. , 2015 are also presented. Quoted errors denote the 1σ uncertainties on the best-fit model, found by sampling the SEDs fitted during the MCMC routine. Upper limits on the SFR are given to a 68.27 per cent confidence (1σ). quasars considered in this paper. For each quasar in our sample, we have explored three possible sources of this emission -resonantly scattered Lyman-α emission, scattered light from the quasar continuum and a relatively un-obscured star forming host, demonstrating the rest-frame UV emission to be consistent with star formation in at least 11 quasars.
Furthermore, we have found two quasars -VHSJ2306-5447 and ULASJ2224-0015 -to exhibit rest-frame UV emission consistent with either star formation or scattered light and have derived instantaneous SFRs across the entire quasar sample, based upon their rest-frame UV flux. The following section compares our results to a range of independent studies and outlines connections between the properties of these luminous, high-redshift, reddened quasars and their host galaxies.
Comparison to other SFR Estimates for Heavily Reddened Quasars
Hα SFRs
Fifteen of the reddened quasars in our sample overlap with those in Alaghband-Zadeh et al. (2016) , who look for narrow Hα emission that could be associated with star formation in the NIR spectra. Narrow Hα emission is detected in nine of the 15 quasars in their sample, from which AlaghbandZadeh et al. (2016) derive extinction-corrected SFRs assuming a Calzetti dust extinction law (Calzetti et al. 2000) and a dust attenuation towards the star-forming regions equal to that towards the quasar continuum. In our analysis, one of these nine quasars -VHSJ2100-5820 -does not show an excess of rest-frame UV emission relative to that expected from a reddened quasar and so is not considered further in our comparisons to Hα-derived SFRs. Similarly, we do not include the six quasars with no evidence of narrow Hα emission, for which Alaghband-Zadeh et al. (2016) derive only upper limits on the SFR, assuming the star-forming regions to be located within the PSF of the SINFONI data (FWHM ∼0.5-0.8 arcsec). As we clearly see evidence for rest-frame UV emission on larger scales than this across our sample, the Hα SFR limits for these six quasars are not directly comparable to our work. We therefore only compare our UVderived SFRs with the Hα SFRs for the eight quasars outlined in Table 7 , where the Hα SFRs have been re-derived, correcting for τV = 1.0, as has been assumed for our galaxy template. Fig. 6 shows the comparison between these two measures of SFR. Fig. 6 indicates the two measures of star formation to be broadly correlated, although values of SFRUV appear systematically higher than SFRHα by a factor of ∼1.1-4. This lack of a one-to-one correspondence between the two SFR measures is expected however, as several assumptions have been made regarding the quasar host galaxy and the dust attenuation affecting both the UV-and Hα-emitting regions. We also note that Alaghband-Zadeh et al. (2016) restrict their search for narrow Hα emission to ∼0.5-0.8 arcsec regions (corresponding to the size of the PSF in their observations), meaning their study is not sensitive to extended emission on larger scales. Given that the rest-frame UV emission in our sample typically extends 1 arcsec, we expect the SFRs we derive from the spatially-integrated UV flux to generally be higher than those measured from Hα by Alaghband-Zadeh et al. (2016) , which is exactly what we see in Fig. 6 
Herschel and ALMA SFRs
Several of the reddened quasars in our sample have also been detected in the far infra-red and millimetre wavelengths, suggesting significant levels of dust-obscured star formation in these sources (Banerji et al. 2014 (Banerji et al. , 2017 exceeding 1000M yr −1 . Recently, Banerji et al. (2017) studied four reddened quasars with ALMA, finding ubiquitous evidence for large reservoirs of molecular gas and star formation in all four systems. One of these four quasars -ULASJ2315+0143 -overlaps with our sample, and shows resolved CO(3-2) emission elongated in the same direction as the rest-frame UV emission seen in Fig. 1(p) . The ALMAderived SFR for this source is 6100±400 M yr −1 and whilst this is significantly larger than the 230M yr −1 UV-derived SFR inferred from the DES observations, we note that the ALMA SFR is derived from a single photometric data point at ν=103GHz tracing the Rayleigh-Jeans tail of the dust SED, and could be over-estimated for a number of reasons. Specifically, Banerji et al. (2017) assume no significant contribution from radio synchrotron emission to the millimeter continuum emission, and the dust heating is assumed to be entirely dominated by the star-forming host, without any contribution from the quasar itself. Nevertheless, given the significant amount of dust emission seen by ALMA, it is plausible that the rest-frame UV emission in the DES grizY bands is only tracing a small fraction of the total star formation in this galaxy.
Comparison to Hot Dust-Obscured Galaxies (HotDOGs)
Hot Dust Obscured Galaxies (HotDOGs) are a related class of heavily obscured AGN selected using data from the WideField Infra-red Survey Explorer (WISE). They have similar intrinsic AGN luminosities to our reddened quasars but much higher levels of dust obscuration towards the quasar sight-line (Eisenhardt et al. 2012) . Assef et al. (2015) recently presented evidence for excess rest-frame UV emission in several HotDOGs and conducted a detailed multiwavelength investigation of one particular source -W0204-0506 -at z = 2.1. In their investigation, Assef et al. (2015) consider scattered AGN light, a second AGN and a starforming host galaxy as possible sources of the UV emission seen in W0204-0506, concluding scattered light from the AGN to be the most plausible scenario. One reason Assef et al. (2015) give for this conclusion is the unprecedented level of un-obscured star formation required to reproduce the UV flux observed in W0204-0506.
To compare W0204-0506 with the reddened quasars in our sample, we fit the photometry for this source with our constant SFH host galaxy template using the SED-fitting method outlined in Section 3. From this, we derive a dust-corrected SFR∼5200M yr −1 for W0204-0506, consistent with the ∼5500M yr −1 derived by Assef et al. (2015) .
This SFR > 5000M yr −1 is extreme compared to the moderate SFRs we derive from the rest-frame UV flux of our reddened quasars (∼130M yr −1 ), although as discussed in Section 5.1.2, this does not preclude a much higher level of obscured star formation in our sources. Nevertheless, the blue excess WISE HotDOGs appear clearly distinct in terms of their properties from the reddened quasar sample considered in this work and hence likely have different mechanisms responsible for the emission in the rest-frame UV.
Is SFR correlated with Quasar Luminosity?
We now explore whether the instantaneous SFRs we derive for the reddened quasar sample are correlated with the bolometric quasar luminosity, L bol,QSO . L bol,QSO is calculated from the extinction-corrected rest-frame flux at 5100Å, using a bolometric correction factor of seven (Vestergaard & Peterson 2006) . The values of L bol,QSO we derive are consistent with those presented in Banerji et al. (2012 Banerji et al. ( , 2015 , with only small variations due to the inclusion of the DES photometry in our fitting. SFRUV is plotted as a function of L bol,QSO in Fig. 7 , where we see a positive correlation between these two quantities. From Fig. 7 we find a Spearman's correlation coefficient of r 0.6 with a p-value, α = 0.03, i.e. we detect a positive correlation to a 97 per cent confidence level. Although SFRUV and L bol,QSO have both been corrected for dust extinction, we note that the apparent correlation in Fig. 7 is not due to this correction, as different corrections have been applied to the quasar and the galaxy individually (E(B-V)GAL=0.35, while E(B-V)QSO ∼0.5-2.0, as solved for in the fitting). We also note that the observed correlation in Fig. 7 is not caused by the simultaneous fitting of the galaxy and quasar components in the model, as each of these components is constrained by different photometry. The galaxy SED for example, is primarily constrained by the gri DES photometry, whilst the JHK VISTA/ ULAS photometry is used to constrain the quasar SED, meaning the two components are essentially decoupled.
The correlation we observe between SFRUV and L bol,QSO in our reddened quasars (Fig. 7) is consistent with the work of Harris et al. (2016) , who find the SFRs of type-1 quasar host galaxies at 2 < z < 3 to increase with AGN luminosity up to some limiting rate. Shao et al. (2010) and Netzer (2009) find a similar trend among high luminosity AGN (L bol > 10 44 ergs −1 ), but find no such dependency in lower luminosity systems -a result confirmed by independent studies of moderate-luminosity AGN (e.g. Jahnke et al. 2004) . Furthermore, Urrutia et al. (2012) find no correlation between SFR and AGN accretion among reddened quasars at low redshift (0.4 < z < 1), suggesting that the trend in Fig. 7 may only appear for the most luminous quasars at high redshift.
Although we find some evidence for a relationship between L bol,QSO and SFRUV in our sample, we highlight that this paper only accounts for the un-obscured, instantaneous star formation rate, based upon the rest-frame UV emission observed in a relatively small sample of 13 reddened quasars and that a number of assumptions have been made regarding the host galaxy properties. Assembling larger samples of such measurements as well as measuring the total, rather than un-obscured, SFRs from SCUBA-2 and ALMA observations will help corroborate whether there is indeed a cor- relation between star formation rate and quasar luminosity in reddened quasars.
CONCLUSIONS
We have presented the first rest-frame UV observations for a population of 17 luminous, heavily dust-reddened ( L bol,QSO > 10 46 ergs −1 , E(B − V )QSO ∼ 0.8) broad-line quasars at 1.5 < z < 2.7, making use of DES Year 1 optical photometry along with NIR observations from VHS and ULAS. Our main conclusions can be summarised as follows: i) We detected an excess of rest-frame UV emission relative to that expected from a reddened quasar template alone in 13 of the 17 sources in our sample. Via SED fitting, we modelled three potential sources of this excess rest-frame UV emission in the reddened quasar sample -resonantlyscattered Lyman-α, scattered light from the quasar continuum and a star-forming host galaxy. In at least ten quasars, we found the rest-frame UV emission to be consistent with the detection of a relatively un-obscured, star forming host galaxy, with a further three quasars showing emission that could be consistent with either star formation or scattered light.
ii) We estimated the instantaneous SFRs for the quasar host galaxies in the sample based on their rest-frame UV emission, deriving extinction-corrected star formation rates of 25 SFRUV 365 M yr −1 , with a mean average SFRUV = 130 ± 95 M yr −1 . We note, however, that the SFRs presented in this paper account only for the relatively unobscured component of star formation and therefore do not preclude much higher rates of obscured star formation in these systems. In fact, we see evidence for a much higher obscured SFR in ULASJ2315+0143 based on recent ALMA observations and cannot rule out a similar trend in the remainder of our sample. The unobscured SFRs presented in this paper are found to be broadly consistent with those derived independently from Hα observations using Integral Field Spectroscopy.
iii) We have found evidence for a correlation between the rest-frame UV-derived, dust-corrected star formation rates and the bolometric luminosity of the quasar at the high quasar luminosities probed by our sample. This is consistent with similar trends observed for high-luminosity populations of unobscured quasars.
Overall, we have demonstrated that quasar emission can be disentangled from its host galaxy, even in the most luminous systems, by exploiting dust obscuration towards the quasar. For the first time, populations of these intrinsicallyluminous, dusty quasars can now be studied in the restframe UV at high redshift thanks to deep, wide-field observations from large imaging surveys like DES. Our analysis has shown that several of the hosts of these reddened quasars are spatially resolved in the DES imaging tracing rest-frame UV wavelengths. This paves the way for future high-resolution imaging and detailed morphological studies of these quasar host galaxies. (g) ULASJ2200+0056 (h) VHSJ2220-5618 (i) ULASJ2224-0015 Figure A1 . 1D and 2D posterior distributions from the MCMC fitting. Shaded regions in the 2D distributions denote 1,2 and 3σ parameter uncertainties in the fitting. SFR UV,τv=1.0 and associated uncertainties (prior to dust corrections) are based on a galaxy template with τ V = 1.0 and have been converted from the normalisation of the galaxy template (f gal ) in the fitting. Histograms illustrate the relative 1D probability distributions for each parameter.
(j) VHSJ2227-5203 (k) VHSJ2235-5750 (l) VHSJ2256-4800 (m) VHSJ2257-4700 (n) VHSJ2306-5447 (o) ULASJ2315+0143
(p) VHSJ2332-5240 (q) VHSJ2355-0011 Figure A1 -continued
